We report on measurements and modeling of microwave propagation in graphene. In deep contrast with carbon nanotubes, which display very high impedances in the microwave range, planar waveguides patterned directly on graphene display a 50 ⍀ impedance, which is tuned slightly by an applied dc. The high values of kinetic impedance in carbon nanotubes were not observed in graphene. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3202413͔
The microwave devices based on carbon nanotubes ͑CNTs͒ constitute a promising area of research and many microwave devices, such as filters, resonators, amplifiers, and oscillators, have been already built and tested in the frequency range of 0.5-100 GHz, and even beyond, up to terahertz. A recent review 1 gives a comprehensive overview of these efforts to bridge the nanotechnologies based on CNTs with microwave applications. However, in the case of graphene, very few facts are known about its behavior in microwaves. It was previously shown that a negative differential resistance occurs in a single graphene barrier 2 and the first graphene transistor in the range of 1-4 GHz was demonstrated 3 very recently. Despite these researches, the graphene behavior in the microwave range is quasiunknown and its potential for high frequency devices is poorly explored and exploited. One reason for this is that, in the case of CNTs, the impedance is very high, in the range of 20 k⍀ up to 10 M⍀, which makes it very difficult if not impossible to match CNT-based rf devices with any other RF device or circuit fabricated with various techniques ͑metal-semiconductor heterostructures or metal multilayers on dielectrics, etc.͒ that have a standard impedance of 50 ⍀. Arranging a bundle of CNTs to achieve the 50 ⍀ impedance is, in many cases, difficult if not an uncontrollable process.
It is then the role of this paper to show that, unlike in CNTs, the 50 ⍀ impedance can be obtained in a controllable manner in graphene, and the impedance can be slightly tuned to match that of other RF devices or circuits in a quite large range of frequencies. These findings open the perspective to use graphene in RF applications. The reason of using graphene in high-frequency applications is that graphene displays a very large carrier mobility, which is at least one order of magnitude greater than in Si and GaAs. A recent review about graphene transport properties is found in Ref. 4 . Thus, due to the ballistic transport in graphene, devices working at 100 GHz and beyond could be realized and interconnected with existing microwave devices fabricated in various technologies, such as waveguides, filters, or isolators.
The experiments regarding microwave propagation in graphene were started by choosing a graphene flake without cracks and large enough to support the metallic patterning of a coplanar waveguide ͑CPW͒ on its surface. The CPW consists of three parallel metallic electrodes ͑the central electrode is the signal electrode, whereas the lateral electrodes are grounds͒. The single layer graphene was provided by Graphene Industries and was placed over a 300 nm SiO 2 layer grown on an n-doped Si substrate. The single layer graphene was identified optically and/or using Raman spectroscopy by the above mentioned company. The scanning electron microscopy ͑SEM͒ photo of the graphene flake is shown in Fig. 1 . As can be seen, the graphene is quite irregular and quite small to pattern a CPW on it. On the other hand, the CPW dimensions are imposed by the microwave range of frequencies and the impedance required by the testing equipment. We have chosen a compromise, i.e., in the graphene region we have patterned the electrodes in a such a way as to be supported by graphene ͓see Fig. 2͑a͔͒ , and then we enlarged the electrodes on the SiO 2 substrate in order to reach the dimensions imposed by the on-wafer probe station connected to the vector network analyzer ͑VNA͒ equipment. The final result is a tapered CPW, displayed in The CPW was metallized using the standard lift-off process based on polymethyl methacrylate ͑PMMA͒ coating. The spatial coordinates of the graphene were mapped before hand with the SEM because graphene is not visible when coated with PMMA. Then, a PMMA bilayer was spin coated on the sample and baked in oven at 150°C. A JEOL 7000F SEM equipped with a RAITH Elphy quantum attachment was subsequently used to pattern the PMMA layer directly with an electron beam. Further, the PMMA layer was developed in MIBK:IPA 1:3 and was subsequently introduced in a Temescal e-gun evaporation chamber where 2 nm Ti/300 nm Au electrodes were deposited. The lift-off process was completed using acetone to remove the PMMA.
The CPW central electrode width is 4.3 m and the distance between the central electrode of the CPW and its grounds is W = 1.7 m. The width of the ground electrodes is 8.4 m and the CPW on graphene has a length around 80 m. Outside the graphene flake, the CPW lines are tapered to reach the pitch of 150 m required by the on-wafer probe station. An identical CPW structure, called further as reference, was also realized outside the graphene area, i.e., on the SiO 2 substrate, to be used for comparison and deembedding.
Both CPW structures ͑on graphene and on SiO 2 ͒ were measured directly on-wafer with a VNA-Anritsu-37397D connected to a Karl-Suss PM5 on-wafer probe station. The short-open-load-thru ͑SOLT͒ calibration standard was used to calibrate the system. The CPW graphene structure was dc biased using the internal bias tee of the VNA at several voltages between Ϫ2.5 and +2.5 V ͑with + on the central conductor of the CPW͒. The magnitude of the S 11 and S 21 parameters, in decibel, are represented in Fig. 3 in the 3-7 GHz range. ͉S 11 ͉ is practically the same irrespective of the applied voltage.
The S parameters reported here for a CPW on graphene are characteristic of a passive device, for which ͉S 12 ͉ = ͉S 21 ͉ and ͉S 11 ͉ = ͉S 22 ͉, in contrast to the case in Ref. 3 , which corresponds to an active device. In the latter situation, the amplifier consisting of a top gate transistor on graphene has ͉S 21 ͉ Ͼ ͉S 12 ͉. Moreover, the substrates in the two situations are different: in Ref. 3 a high resistivity Si substrate is used, which is frequency-independent up to tens of gigahertz, while in our case the low-resistivity Si substrate displays moderate losses in the gigahertz range. Due to differences in both device structure and substrates, the S parameters in these two cases show a quite different dependence on frequency ͑frequency-independence in Ref. 3 versus a slight frequency dependence in this paper͒. Nevertheless, the S parameters depend on the applied voltage in both situations.
Using the results for the reference CPW structure deposited on SiO 2 , the appropriate material parameters were extracted by means of intensive electromagnetic simulations. The best fit between the simulations and measurements was obtained for a silicon relative permittivity of 11.8, a silicon conductivity of 1000 S/m, and a loss tangent of 0.05. Using the extracted parameters, the graphene structure was simulated using a parallel RC lumped circuit model connected to the CPW electromagnetic model by means of the internal port feature. The values of the RC elements were extracted using an optimization procedure and an error function de- fined as the square of the difference between the measured and simulated S 21 parameters over the 3-7 GHz frequency range. Measurements at higher frequencies could not be accurately performed due to the cutoff frequency of the substrate n ++ Si. To extend the frequency range, the substrate should be a high-resistivity Si layer.
An example of the fitted results for the 2500 mV bias voltage is presented in Fig. 4 . The extracted parameters ͑equivalent resistance and capacitance͒ are shown in Fig. 5 in the range of 3-7 GHz. The capacitance is almost constant at a value of 1 pF. So, the graphene equivalent circuit in the 3-7 GHz range is a resistance in parallel with a capacitor. This resistance is tunable with the applied voltage and reaches the 50 ⍀ value, required to match with other RF components made on any other substrate, at around Ϯ2 V. Matching with any other devices is possible in the range of 30-100 ⍀. If the substrate losses would have affected less the S parameters, so that they would have been practically frequency independent, as in Ref. 3 , the range of tunability of the graphene resistance would have been wider on a larger bandwidth. In this case the matching capabilities would have been extended beyond 10 GHz.
In conclusion, in the microwave range the graphene displays a low value of the equivalent resistance, which can be tuned to reach 50 ⍀. It becomes, thus possible to have an impedance match with other RF devices made on any substrate, unlike in CNTs, where the equivalent resistance in microwaves exceeds at least few kilohm. This possibility is explained by the fact that graphene is a two-dimensional gas where the conductivity is quantized, while in CNTs, which is a one-dimensional gas, the conductance is quantized, the corresponding step in resistance having a value of 6.3 k⍀ that cannot be decreased. In addition, the CNT is characterized by a relatively high kinetic inductance, which is not present in the case of graphene. So, graphene is very suitable for building RF devices with high cutoff frequencies, and that can be matched with other RF device. 
I. INTRODUCTION
Graphene is an atom-thick sheet of graphite consisting of a honeycomb lattice in which carbon atoms bond covalently with their neighbors. Many experiments have successfully isolated such graphene monolayers starting with the seminal work on mechanical exfoliation 1 from pyrolytic graphite and the subsequent graphene deposition on a SiO 2 layer grown on a doped Si substrate. The structure behaves as a primitive field effect transistor if metallic electrodes are patterned over graphene. Although simple, this method is used to fabricate large graphene sheets, up to 100 m in size. The graphene used in the present paper was produced by this method by Graphene Industries.
In graphene, the electron and hole states are correlated through charge-conjugation symmetry, the charge transport being described by a Dirac-like equation similar to the relativistic quantum equation for particles with zero mass and spin 1 2 . This behavior differs from that of common semiconductors, where two unrelated Schrödinger equations express the electron and hole transport, respectively. There are also other striking differences between physical effects in graphene and common semiconductors, such as the tunneling effect and the anomalous Hall conductivity. For a recent review on the transport properties in graphene ͑see Ref. 2͒ .
The dispersion relation in graphene is linear: E = Ϯ ͉បk͉v F , where v F is the Fermi velocity and the positive sign is attributed to electrons, while the negative sign corresponds to holes. From the dispersion relation it follows that graphene is a gapless semiconductor with a vanishing effective mass, the electrons and holes propagating balistically with the velocity v F Х c / 300, where c is the speed of light.
The tunneling effect is in particular peculiar of graphene. In semiconductor heterostructures the transmission through a barrier is strongly dependent on ͑in fact, decays exponentially with͒ the barrier width and height, because inside the barrier the wave number is purely imaginary, corresponding to evanescent propagation. The transmission coefficient T can equal 1 only in symmetric multilayer structures, in which quantum wells are placed between barrier layers, and only when the energy of electrons matches a resonant level of the quantum well. Resonant tunneling has important applications in high-frequency devices exceeding few terahertz. 3 On the contrary, in graphene the transmission of ballistic electrons normally incident on the barrier is unitary irrespective of the barrier height and width, since electron propagation is not evanescent inside the barrier region. 4 This effect is called Klein paradox, or Klein effect.
Due to the Klein effect, in graphene the electrons cannot be confined by electrostatic potentials, as in common semiconductor heterostructures. The modulation of the transmission coefficient between 0 and 1 with the help of alternating semiconducting barrier and well regions, or a series of biased gate electrodes does not apply in the case of graphene since, irrespective of the electrode arrangements and applied potentials, the wave vector is always real.
To circumvent this drawback and thus to modulate the transmission coefficient by tuning the electron energy or the gate voltage, it is necessary to change the incidence angle of ballistic electrons; 4 negative differential resistance regions can be obtained using this method. 5 Magnetic superlattices 6 are a viable alternative for achieving sharp peaks of the transmission coefficients and thus currents with negative differential conductance, as in resonant tunneling devices. Another way to modulate the transmission coefficient and hence the current is presented in this paper. It uses wide contacts in order to benefit from the transmission coefficient dependence on both components of the electron wave vector. If the contacts in graphene devices are very narrow ͑have nanosize widths͒, the wave vector of the transmitted electrons has basically a single non-negligible component, say On the contrary, the transport of electrons between wide contacts involves both components of the wave vector, k x and k y . The carrier transport dependence on k y is analogous to a change of the incidence angle of the incoming electrons with = tan͑k y / k x ͒ so that, in consequence, the transmission coefficient T and the current I are modulated. This modulation is observed as oscillations in the dc current-voltage characteristic. Although the peak-tovalley ratio of these oscillations is quite poor, they can be used, for example, to monitor the mean free path of ballistic transport in graphene.
II. EXPERIMENTAL RESULTS
The graphene flake over which wide contacts have been deposited is represented in Fig. 1 ͑the contour of the graphene flake is highlighted with red in the online version for a better visibility͒. These wide contacts are, in fact, parts of a coplanar waveguide ͑CPW͒ configuration, the dc current being measured between the inner and one of the outer electrodes. The CPW was fabricated using the standard lift-off process. A polymethyl methacrylate ͑PMMA͒ bilayer was spin coated on the sample and baked in oven at 150°C. A JEOL 7000F scanning electron microscopy ͑SEM͒ equipped with a RAITH Elphy quantum attachment was used to directly pattern the PMMA layer with an electron beam. The sample was developed in MIBK:IPA 1:3 and was subsequently introduced in a Temescal e-gun evaporation chamber where 2 nm Ti/300 nm Au electrodes were deposited. The lift-off process was completed using acetone to remove the PMMA. Since graphene is not visible when coated with the PMMA, the exact coordinates of the graphene piece were previously mapped with the SEM. For reference, an identical CPW structure was also realized nearby, with no graphene flake underneath. The distance between the electrodes is L = 1.7 m and the width W of the graphene flake across the electrodes is more than 80 m.
A typical dc current-voltage characteristic measured between the central and one outer electrode is presented in Fig.  2 . A blow-up of the I-V characteristic in Fig. 2 shows current oscillations with a period that decreases in time. The blow-up represented in Fig. 3͑a͒ has been taken immediately after the lift-off process was completed, whereas the blow-up in Fig.  3͑b͒ has been taken after one day of intensive measurements. These results have been repeatedly checked; all measurements have been performed at room temperature.
The experimental results in Figs. 2 and 3 can be fitted with the expression
where k B is the Boltzmann constant, T Х 300 K is the temperature, n is a fitting parameter and f͑V͒ is an oscillatory function of the applied voltage V. According to our knowledge, the oscillatory behavior of the dc I-V characteristics in a contacted graphene flake has not been evidenced up to now. This oscillations have a poor peak-to-valley ratio, but can be used, as shown in Sec. III, to determine the mean free path of carriers in graphene. 2 . ͑Color online͒ Typical I-V characteristic at room temperature, measured between the central and one of the outer electrodes of the structure in Fig. 1.   FIG. 3 . ͑Color online͒ Blow-up of the I-V characteristic ͑a͒ taken immediately after the lift-off process was completed and ͑b͒ taken after one day of intensive measurements.
III. SIMULATIONS OF THE CURRENT-VOLTAGE CHARACTERISTIC
The first term in Eq. ͑1͒ originates in the thermionic emission across the Schottky barrier that forms between the electrodes and graphene. This thermionic emission current,
͑2͒
is not unusual in graphene flakes with Schottky contacts at high temperatures ͑see, for example, Ref. 8͒. The oscillatory function f͑V͒ in Eq. ͑1͒ can be explained by considering that the electrons that enter the graphene flake by thermionic emission are further transported quasiballistically. Pure ballistic transport between the wide contacts can be easily modeled by taking into account the contribution of electrons emitted at different angles . Since in our case the width W of the contacts is much larger than their separation L, can be considered to vary between Ϫ90°and 90°.
The transmission coefficient of ballistic electrons with energy E propagating through a succession of three layers labeled by 1, 2, and 3 ͑emitter electrode, graphene stripe of width D, and collector electrode͒, respectively, is given by
where t is determined by imposing the continuity conditions at x = 0 and x = D for the two components of the spinor wave function
· ͑4b͒
Here, k y = k F sin 1 with k F the Fermi wave number in the emitter electrode,
, s 3 = sgn͑E + eV͒, V 0 is the potential energy in graphene with respect to that in the electrodes, and V is the applied voltage. For reasons discussed further on we have denoted the distance of ballistic transport D with a different symbol than the distance between the electrodes in Fig. 1 , L.
The current measured between the wide contacts contains contributions from electrons emitted in a wide range of incidence angles. In Fig. 4 we have represented the voltage dependence of the average of the transmission coefficient over all possible incidence angles,
T͑k F ,V, 1 ͒d 1 , ͑5͒
for D = 0.4 m and a Fermi wave number that corresponds to a wavelength =2 / k F of 100 nm. Note the occurrence of oscillations in the average transmission coefficient as the applied voltage changes. Simulations show that the period of oscillations are determined uniquely by ͑it decreases with͒ D, whereas the depth of the oscillations is determined by ͑in-creases with͒ the Fermi wave number. Since the electrons enter the graphene flake through thermionic emission, the Landauer formula for calculating the current cannot be applied, the current of ballistic electrons being simply given by the input current in Eq. ͑2͒ modulated by the transmission coefficient averaged over all possible incidence angles and all Fermi wave numbers/energies
where
The averaging procedure over Fermi wave numbers described in Eq. ͑7͒ reduces the depth of oscillations, without affecting the period of the transmission coefficient; the result is similar to calculating the average transmission coefficient in Eq. ͑5͒ at an equivalent, lower Fermi wave number k eq ͑a higher wavelength 2 / k eq ͒. 
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Formula ͑5͒ must be further corrected to account for the fact that the distance between the electrodes L is larger than the mean free path in graphene at room temperature, i.e., L Ͼ D. The current in this quasiballistic regime is obtained by multiplying Eq. ͑5͒ with the ballisticity parameter b = ͑1 − R͒ / ͑1+R͒, where R is the backscattering coefficient. The simulation results confirm that, as expected, the mean free path of ballistic transport in graphene, characterized by D, is shorter than the distance between electrodes, L. Moreover, D decreases rapidly in time due to the unavoidable dirtying of the graphene sheet as a result of repeated measurements. Therefore, the oscillatory I-V characteristics measured between wide contacts can be used to monitor the quality of the graphene sheet and, in particular, to estimate the mean free path of charge carriers.
Another conclusion that follows from the simulations is that the quality of the graphene/electrode junction becomes poorer as the graphene sheet gets dirtier. A good semiconductor-metal junction is characterized by an n value close to 1. However, larger values of the ideality factor n ͑of about 7͒ have been measured in Au/ZnO nanorod structures and have been explained by the existence of interfacial layers of surface states. 10 A deterioration of the quality of the graphene flake can produce additional surface states that influence the value of n. This influence is more significant in graphene than in other materials since the contact induce states in graphene penetrate on a much longer distance.
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IV. CONCLUSIONS
In conclusion, we have shown that the current-voltage characteristics of a graphene flake contacted with wide electrodes show oscillations due to non-normal incident ballistic electrons. These oscillations survive in the quasiballistic regime and can be used to characterize the quality of the electrode/graphene junction as well as the mean free path of charge carriers in graphene. 
